With the inhalation of smoke, there are both cardiopulmonary changes and elevated levels of carbon monoxide (CO). We hypothesize that these changes in cardiopulmonary function are the result of a histotoxic hypoxia associated with CO poisoning. This hypothesis was tested in chronically instrumented sheep (n = 19). Piezoelectric crystals were attached to the left ventricle for the measurement of its external minor and major diameters in addition to wall thickness. A pressure transducer was placed in the left ventricle via the apex. The caudal-mediastinal lymph node was also cannulated. After a five-day recovery period, six sheep (smoke group) were insufflated with four series of 16 breaths (700 mllbreath) of cotton smoke, and five sheep (control group) were insufflated with air using a modified bee smoker (smoke group: COHb, 90±6%; control group: COHb, 6±1%). Eight sheep (CO group) were ventilated with 2% CO in air to reach a COHb of 90% (COHb, 92±1%). In the smoke group, lung lymph flow reached 42±10 ml/hr at 24 hours after smoke insufflation (baseline, 6±1 ml/hr). The maximum elastance of the left ventricle (end-systolic pressure-volume ratio), a sensitive index of myocardial contractility, was significantly decreased from a baseline of 6.5±0.9 to 3.3±0.7 mm Hg/ml. In the control and CO group, neither lung lymph flow nor maximum elastance varied from the baseline value. We conclude that the cardiopulmonary dysfunction after smoke inhalation does not occur after a similar exposure to CO. Initial CO poisoning alone is not a causative factor of cardiopulmonary dysfunction after smoke inhalation. (Circulation Research 1990;66:69-75) T he inhalation of smoke is associated with severe pulmonary injury in fire victims.12 These same individuals also have depressed cardiovascular function since they require larger amounts of fluid for resuscitation to a normal circulatory status than patients with thermal injury alone.3-5 We studied these conditions in an ovine model. The lung microvasculature was evaluated with a lung lymph fistula.6 We likewise quantitated cardiovascular status using ultrasonic dimension analysis of the left ventricle, in addition to cardiac output and pulmonary and systemic pressure measurements. Inhalation injury was produced in these animals by insuf- flating them with smoke from burning cotton. There was a markedly increased flow of pulmonary lymph with an elevated protein content, relative to that simultaneously measured in the plasma.7-1' This is evidence of an increased pulmonary microvascular permeability. Along with these changes, the cardiac function was depressed, as indexed by a reduced Em.jx (maximum elastance of left ventricle end-systolic pressure-volume relations), ejection fraction (EF), and maximum dP/dt of the left ventricle.12 Both the cardiovascular and pulmonary dysfunction developed over several hours and reached a peak at 24 hours.
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With smoke inhalation, there is a severe carbon monoxide (CO) -induced carboxyhemoglobinemia. Since histotoxic hypoxia may be responsible for pulmonary edema and myocardial dysfunction, the following studies determined the role that CO intoxication may have in the cardiopulmonary changes noted with inhalation injury.
Materials and Methods

Animal Preparation
Sheep (n = 19) A left thoracotomy was performed through the fifth intercostal space for implantation of pulsetransit ultrasonic dimension transducers on the heart (LMT-53 and -51; 3-and 1-mm diameter ceramic 5 MHz piezoelectric crystals, Crystal Biotech, Holliston, Massachusetts). Matched transducers were sutured to the anterior and posterior epicardium of the left ventricle for obtaining the maximum transverse external diameter in the plane of the minor axial circumference of the left ventricle. Transducers were also implanted in a similar manner on the base and apex of the heart to measure left ventricular external major axis diameter. The basal crystal was positioned in the groove between the left sinus of Valsalva and the left atrium. A third pair of transducers were implanted on the endocardium and epicardium of the left ventricular anterior free wall. 16 To accomplish this, the anterior wall was punctured with a 16-gauge needle. Through this stab wound, a 1-mm transducer was implanted on the endocardium and fixed with a purse-string suture. A silicon strain gauge pressure transducer (P5, Konigsberg Instrument, Pasadena, California) was placed in the left ventricle via a stab incision through the apex. This apical transducer, in conjunction with a subdermal electrode, allowed continuous electrocardiographic monitoring of the heart. The left atrium was also cannulated (Silastic Medical Grade Tubing, Dow Corning, Midland, Michigan). The left hemidiaphragm was cauterized to eliminate systemic contamination to the lung lymphatic. The pericardium was loosely approximated, and the incision was closed. All of these surgical procedures were performed at a single setting and usually required fewer than 2 hours. The animals were allowed to recover for 5 days in metabolic cages with free access to food and water before the study began.
At the conclusion of the experiments, the animals were killed, and the position of the ultrasonic dimension transducers was verified. The epicardial transducers were found to be properly seated, and the endocardial transducer was on the endocardial surface in every sheep.
Smoke Insufflation
The technique for inhalation injury induction was a modification" of that originally described by Walker et al. 17 A modified bee smoker consisting of an aluminum cylinder with a screw on top was used to induce the injury. The cylinder lid had an opening that was designed to fit tightly into the universal connector of an endotracheal tube. The endotracheal tube (10 mm i.d.) was modified by a female connector on the distal tip and a thermistor in the distal segment to measure the gas temperature. This tube served to connect the gas cylinder to the tracheostomy tube. Bellows were connected to the side of the bee smoker by a copper connecting tube using a one-way valve. When the bellows were compressed, gas was delivered into the cylinder, and when the bellows were released, air was taken into them. The volume of gas expressed into the cylinder with each compression was 700 ml (approximately 15 ml/kg).
Experimental Protocol
All data were collected while the sheep were standing. Baseline data were obtained for 2 hours from the awake animals. The olecranon was taken as the zero level for the transducers. The animals were allowed to sleep during the 24-hour study period but were made to stand for the measurement of variables. They were then divided at random into three groups.
1) Smoke group (n=6). To produce the inhalation injury, animals were anesthetized with halothane (1.7 vol%) and connected to a ventilator (Siemens ventilator 900 C, Siemens Elema, Sweden). After a 15-minute stabilization period, the ventilator was disconnected, and the bee smoker, charged with 10 g of ignited cotton toweling, was connected to the tracheostomy tube. Sixteen breaths of the cotton smoke were then delivered to the animals. The temperature of the smoke was not allowed to exceed 390 C. The animals were reconnected to the ventilator for 3 minutes before the next sequence of breaths was administered. This series was repeated four times. As a consequence, the sheep in this group received a total of 64 breaths of cotton smoke. After inhalation injury, the animals were ventilated with pure oxygen for 30 minutes; the anesthesia was then discontinued. Ventilatory settings were periodically adjusted to maintain the Pao2 and Paco2 in the arterial blood within 10% of their baseline values. In addition, tracheobronchial toilet was performed at least every 2 hours.
2) Control group (n=5). Sheep were anesthetized in the same manner as the smoke group. The animals then were insufflated with four series of 16 breaths of air instead of smoke. After air insufflation, they were ventilated with pure oxygen for 30 minutes. The anesthesia was then discontinued.
3) CO group (n=8). For CO exposure, the animals were anesthetized in the same manner as the other groups. The sheep were intubated with an intratra-cheal tube and connected to a Siemens ventilator. To induce CO poisoning, the ventilator was disconnected, and the intratracheal tube was connected to a second Siemens ventilator, which delivered a mixture of 1.7% halothane and 2% CO. The carboxyhemoglobin in the arterial blood (COHb) was monitored every 2 minutes with a CO oximeter (model 282, Instrumentation Laboratory), and the CO administration was discontinued when COHb reached 90%. This process took approximately 8 minutes in each animal. Finally, they were ventilated with pure oxygen for 30 minutes, and anesthesia was discontinued.
The sheep were studied in the unanesthetized state for 24 hours. During the study period, they had free access to food and water with a maintenance and resuscitation fluid of lactated Ringer's solution (3 ml/kg/hr). Plasma protein was maintained within 10% of baseline level with the administration of fresh ovine plasma.
At baseline, 1, 4, 12, and 24 hours, the afterload of the left ventricle was manipulated to obtain Ema. The animals were medicated intravenously with propranolol (0.5 mg/kg) and atropine (0.015 mg/kg) to prevent reflex changes in autonomic activity to the heart, which might have occurred as the result of the increased mean arterial blood pressure. When the mean arterial pressure increased after the administration of phenylephrine, there was no change in heart rate. The correlation coefficient comparing the left ventricular end-systolic pressure versus volume was 0.93+0.08 for the smoke group and 0.96±0.04 for the CO group when the afterload was increased, demonstrating the effectiveness of the blockade. After serial baseline recordings were made, an intravenous infusion of phenylephrine (50 ,ug/kg/min) was begun. Repeated recordings were made during the gradual increase in left ventricular end-systolic pressure (ESP) of 50 to 60 mm Hg above baseline. The phenylephrine infusion was then discontinued. This manipulation took approximately 15 minutes, and ESP came back to baseline within 10 minutes after discontinuation. The highest value of the left ventricular pressure was assumed to be the same as the peak aortic pressure; the lowest value was assumed to be zero pressure. At the end of the study, these values again were checked, and the fact that there was no drift over 24 hours in each experiment was verified. All dimensions, pressures, and electrocardiographic data were digitized at 250 Hz with an RTI-800 analog to digital converter (Analog Devices). They were stored on disks using an IBM AT computer for later analysis. Data were collected over one respiration cycle and normalized from at least five cardiac cycles to exclude the respiratory effect on the left ventricular dimensions and pressure. Cardiac output was measured by thermodilution with a SwanGanz catheter and cardiac output computer (model 9520, Edwards Laboratories). Lymph flow was measured with a graduated cylinder for 30 minutes. Lymph and plasma protein concentrations were determined with a protometer.18 The measurements were obtained in triplicate, and usually there was little variation (<0.5%) from each other. Data Analysis
Several elastance curves were generated through use of a computer program during the period of afterload manipulation. This program also identifies the point of maximal elastance (Em,.), maximum ratio of left ventricular pressure/left ventricular volume, draws a regression line for these points using a least-squares analysis, and determines the regression coefficient of this line. The correlation coefficient of the line was also determined using the Pearson Product Moment equation, and only lines with a value of r>0.7 were used. The ventricular pressure and volume recorded at this time point of Ema,, were taken as the end-systolic values. End diastole was defined as occurring simultaneously with the R wave peak on the electrocardiograph.
The left ventricle was modeled as a prolate spheroid. The septal free wall diameter was assumed to be equal to the anterior-posterior diameter. The dynamic internal volume (V) of the shell was computed using the formula:
where minor and major D were the external minor and major axis diameter, and h was the equatorial wall thickness. (Table 3) .
The second phase occurred between 12 and 24 hours after insufflation. In the smoke group, it was characterized by a decreased cardiac index and MAP, and increased HR, PAP, LAP, LQ, and L/P ratio. ESP was decreased. EDP, ESV, and EDV were increased greater than during the first phase. The EF and left ventricular maximum dP/dt were decreased, and Emax was significantly reduced during this phase.
These changes occurred only in the smoke group. The cardiopulmonary variables in the CO group were at baseline levels during the second phase.
Discussion
The early cardiovascular changes were similar to both the smoke and CO groups. This similarity is poisoned patients was also more severe than in the present investigation.32'33 A minimal elevation of the LQ and a decreased L/P ratio were noted during the first phase of CO intoxication in both groups in this study. These mild changes may be attributed to a shorter CO exposure and the treatment with 100% 02 after insufflation. The increased lung lymph flow associated with a reduction in the L/P ratio is evidence of an increased pulmonary microvascular pressure. The LAP was also elevated during this period and could have contributed to the increased microvascular pressure.
In the second phase, the lung lymph flow and cardiac function in the CO group had returned to baseline levels, but severe pulmonary injury and myocardial depression were present in the smoke group. These data suggested that CO poisoning did not play a significant role in pulmonary injury and myocardial depression during this second phase.
The increase in the lung lymph flow in the smoke group was associated with an elevation in the lymph to plasma protein concentration ratio, consistent with an elevation in pulmonary microvascular permeability. The delay between the time of injury and the marked elevation in lung lymph flow suggests that this was most likely a mediated phenomenon. In previous studies, the parenchymal tissues showed the presence of interstitial edema with increased numbers of polymorphonuclear cells.34 These cells when activated may release mediators such as 02 radicals and proteolytic enzymes that may induce lung injury.35 '36 In addition, cotton smoke also contains free radicals. Lowry et a137 have reported that the formation of free radicals parallels CO production. By all indexes, myocardial function was markedly depressed in the smoke group during the second phase. The cardiac index, EF, and maximum dP/dt were reduced despite increased preload of the left ventricle (EDP and EDV). Decreased intrinsic contractility (Ema,) was responsible for these decreases in cardiac function indices. The reduction of myocardial function in the smoke group during the second phase occurred with increased lung lymph flow. Therefore, changes in myocardial performance may have an etiology similar to the pulmonary injury. Thus, the damage to the myocardium may be the result of the release of cytotoxic mediators from the lung.
In summary, the cardiovascular dysfunction after smoke inhalation did not occur after similar exposure to CO. Cardiovascular dysfunction in smoke inhalation was not the result of a histotoxic hypoxia associated with CO poisoning.
